Abstract: High quality, high density, and well-aligned zinc oxide (ZnO) nanorods have been synthesized on cost-effective printed circuit board (PCB) substrates via a simple, seedless, onestep, low-temperature hydrothermal method based galvanic cell structure. It was found that the outer diameters of the ZnO nanorods range from 50 nm to 400 nm. The as-grown ZnO nanorods prefer to grow along the c axis. The morphologies of the ZnO nanorods were investigated by scanning electron microscope (SEM) and X-ray diffraction (XRD). The crystallinity properties were characterized by Raman spectroscopy and photoluminescence (PL) spectroscopy.
Introduction
 ZnO, a direct wide band gap (3.37 eV) semiconductor with a large exciton binding energy (60 meV) is considered to be one of the most important semiconductor materials due to its excellent electrical and optical properties and wide applications in ultraviolet lasers, photodetectors, solar cells, chemical and bio sensors [1] [2] [3] [4] [5] [6] . For these applications, it is essential to have one-dimensional (1D) ZnO nanocrystals such as nanorods, nanowires, nanotubes with good alignment, high crystallinity, and high density. Recently, well-aligned ZnO nanorods have been successfully grown on different kinds of substrates by using a simple, low-temperature, hydrothermal technique [7] [8] . To produce wellaligned ZnO nanorods, researchers have used both expensive substrates, such as GaN, Si, or sapphire, and low-cost substrates, such as ITO or FTO, which usually require the additional assistance of a gold catalyst or ZnO seed layer [6, 9, 10] . However, the poor conductivity of these substrates (e.g. GaN, Si) might limit their applications in some electronics and optoelectronics. The pre-deposition of a ZnO seed layer normally requires high temperature, and extra experimental steps. It also introduces impurities, and influences the adhesion of ZnO nanostructures to the underlying substrates [11] . Furthermore, expensive substrates and multi-step syntheses for vertical growth, among others, have also limited the use of ZnO nanocrystals in electrical and optical applications.
Among metal substrates for growing ZnO nanocrystals, printed circuit board (PCB) containing a thin cooper layer on top of insulating fiber glass is an ideal metal substrate for electrical and thermal conductance due to its good conductive and cost-effective properties. These properties are particularly important for the use of ZnO nanocrystals in both medical, industrial and optoelectronics applications. However, the fabrication of high density, high quality and well aligned 1D ZnO nanorods on PCB substrate sill remains a complex task. It is because of a big lattice mismatch between the substrate and ZnO material which leads to non-aligned growth of ZnO nanorods. Since PCB substrates can only withstand rather low temperatures, implementing a seed layer, whose annealing would be required high temperatures, is also a challenge for synthesizing high density, high quality, well -aligned ZnO nanorods. In fact, Chew et al. developed a method to grown ZnO nanowires on a PBC using hydrothermal method in which a seed layer was deposited on the substrate by using Joule heating method [12, 13] . The localized ZnO nanowires with high density were successfully grown for memory resistor application. However, the method requires a complex, multi-step synthesis which required an assistant of an external current applied on the copper thin layer during the synthesizing process.
In this paper, we report a convenient approach for the vertical and large area growth of ZnO nanorods on PCB substrates. Herein, by applying a simple, one-step, seedless hydrothermal method based on galvanic cell structure [14] , ZnO nanorods with high density, high crystallinity, and good alignment were grown directly on the PCB substrate. The crystallinity and surface morphologies of the as-grown ZnO nanorods will also be discussed.
Experiment

Seedless growth of ZnO nanorods
ZnO nanorods were grown on PCB substrates by a hydrothermal growth technique, which is based on galvanic cell structures. The substrates was polished with SiC sandpaper and then ultrasonically cleaned with acetone, ethanol, and deionized (DI) water sequentially. After being cleaned, the surface oxide was removed by dipping the substrates in low concentration HCl, followed by an ultrasonic rinse in DI water. In order to create a galvanic cell structure, Al foil was used to cover the edge of the substrates. The uncovered area is where ZnO nanorods would be grown (Figure 1 ). Afterwards, the as-prepared substrates were dipped into a mixture of 80 mM zinc nitrate hydrate (Zn(NO 3 ) 2 · 6H 2 O) and hexamethylenetetramine (C 6 H 12 N 4 ), which was placed in a sealed vitreous bottle isolated by an oil bath. The substrates were suspended facing downwards in the solution for 5 h with the temperature of the oil bath maintained at 90 o C. The Al layer was then removed and the substrates were again rinsed with DI water to remove residual salts from the surface before being air-dried.
Characterization
The crystal structure of the ZnO nanorods was characterized by X-ray diffraction (X-ray Powder Diffraction System D5000 Siemens) and Raman spectroscopy (Labram Hr800, Horiba). The morphology of the sample surface was examined by scanning electron microscopy (SEM) (Nova NanoSEM 450). Photoluminescence (PL) measurements were performed using a continuous wave HeCd laser operated at 325 nm as an excitation light source.
Results and discussion
As shown in Figure 2 , well-aligned ZnO nanorods are observed to stand vertically on PCB substrates at a high density. The nanorods' diameter ranges from 50 to 400 nm. The X-ray diffraction pattern, as seen in Figure 3 , indicates the preferential growth of ZnO nanorods in the (002) direction. The as-grown ZnO nanorods have hexagonal wurtzite structure with lattice parameters and which is well suited with the previous studies [15, 16] . These observations reveal that ZnO nanorods can be grown directly on PCB substrates by the onestep growth technique based on galvanic cell structure with high density without using a seed layer. As demonstrated in Figure 1 , the mechanism of the growth was described by Zheng et al. [14] . Accordingly, the equimolar aqueous solution mixture of Zn(NO 3 ) 2 · 6H 2 O and C 6 H 12 N 4 was the nuclei source for the growth of ZnO, of which Zn(NO 3 ) 2 provided Zn 2+ while C 6 H 12 N 4 hydrolyzed the water solution to produce OH -. Due to the more negative reduction potential of Al in comparison with Cu, the Al layer acted as the sacrificing anode while the PCB substrates acted as the cathode. As a result, by covering the edge of the PCB substrate with Al foil, the contact potential between the PCB conductive substrate and the Al layer created a bias. The bias drove the chemical reactions, which in their turn induced the growth of ZnO on the exposed substrate area. In due process, Al lost electrons to develop positive charges Al 3+ whereas the lost electrons moved to the PCB substrate cathode.
Subsequently, reduction reactions of dissolved oxygen (O 2 + 2H 2 O + 4 e --› 4OH -) occurred on the cathode that were followed by the formation of Zn(OH) 2 , of which the dehydration formed ZnO on the exposed PCB area. In fact, this ZnO growth mechanism is similar to that of the electrochemical deposition which also does not require the pre-deposition of a ZnO seed layer. However, in this case, instead of using an external power source, a galvanic cell was employed directly in the equimolar aqueous solution. In comparison with previous reports on synthesizing well-aligned ZnO nanorods, it is thus easier to implement this seedless method. Figure 4 shows the Raman spectra of the ZnO nanorods samples, which exhibit main peaks at 98 cm -1 and 437 cm −1 , corresponding to the optical phonon E 2 (low) and E 2 (high) of the ZnO, respectively. These strong and sharp peaks indicate the high crystallinity of the grown ZnO nanorods [17] . Figure 5 shows the room temperature PL spectrum of the ZnO nanorods, which contains a narrow UV emission peak and a weak broad green emission band. Centering at 384 nm (~ 3.3 eV), the UV emission peak corresponds to the near-band-edge emission and free exciton peak of ZnO. On the other hand, the broad green emission band of the visible region is located at ∼570 nm (~ 2.18 eV) and can be attributed to the intrinsic defects or oxygen vacancies in the ZnO, such as the single and double ionized oxygen vacancies [17] . Also, the high intensity ratio between the UV emission and green emission band indicates that high crystallinity ZnO nanorods were seedless synthesized from the method.
Conclusion
In conclusion, we have presented a simple, one-step, seedless hydrothermal method to synthesize of ZnO nanorods. The method is taking advantage of galvanic cell structure, and has been demonstrated on a PCB substrate. SEM images and X-ray diffraction patterns demonstrate that the well-aligned ZnO nanorods could be synthesized on a PCB substrate without the assistance of a seed layer. Room temperature PL spectrum exhibits strong ultraviolet emission, Raman spectrum presents strong and sharp intensity peaks at 98 cm -1 and 437 cm −1 indicative of high crystal quality of the asgrown ZnO nanorods. We believe that the high quality ZnO nanorods grown on cost-effective PCB substrates presented in this work can be a potential candidate for the future electronic and sensory applications.
